A series of Ag nanoparticles impregnated on zeolite X (Ag-ZX) containing various amounts of Ag (in wt%) were prepared via impregnation method. The pristine zeolite X and Ag-ZX catalysts were characterized by X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), N 2 adsorption desorption analyses and atomic absorption spectroscopy (AAS). The prepared catalysts were employed for the decolourization of methyl orange (MO) in the presence of potassium borohydride (KBH 4 ). Various parameters such as the amount of Ag impregnated, MO concentration, KBH 4 : MO mole ratios, pH and catalyst reusability were investigated. It was found that the best decolourization efficiency was obtained when 0.06 g of Ag-ZX (6.7) catalyst was employed using a KBH 4 : MO mole ratio of 731: 1 at pH 5. The degradation process obeyed pseudo first-order kinetics.
Introduction
Industries based on textile paint and food consume more than 70% of the dyes produced worldwide [1] . This high demand leads to environmental hazards because dyes do not easily degrade in water bodies. Such lack of degradation is directly harmful to aquatic organisms and indirectly harmful to humans [2] . In this regard, various physical and chemical approaches have been developed for the removal of dyes to improve the quality of the environment. Adsorption processes using activated carbon [3] , chitosan [4] as well as charcoal [5] , has been reported as a promising technique for the removal of dyes. However, these approaches produce secondary pollutants and the need for the regeneration of the adsorbents may limit the practical application of this technique in industry.
The chemical approach using catalysts can be more favourable for dye degradation and removal. To date, the potential use of nanoparticles, such as silver metal (Ag), as catalysts in the degradation of dyes has gained attention. A major advantage of Ag nanoparticles is their strong absorbance in the visible region band gap. This promotes high activity under both UV and visible light [6] . However, the easy agglomeration of Ag nanoparticles in the absence of supports or stabilizers is one of the main limitations for their practical use [7] . Therefore, much attention has been directed to the synthesis of fine and discrete Ag nanoparticles. For example, Rajan et al. [8] synthesized Ag nanoparticles using Areca catechu nut, while Vidhu and Philip [9] proposed the use of dried Saraca indica flower to synthesize Ag nanoparticles for catalytic purposes. While these methods may obtain fine nanoparticles, the particles may suffer from reusability problems because the nanoparticles are synthesized in colloidal form. To address this issue, the use of inorganic supports such as clay materials can be an alternative pathway for the synthesis of fine Ag nanoparticles.
Zeolites are crystalline aluminosilicate minerals that have been widely used in various areas such as gas and liquid separations [10] as well as scaffolds [11] for biomedical applications. The open cage frameworks with well-defined porous structure (pore diameter <2 nm) make zeolites suitable for use as supports to encapsulate smaller particles. These smaller particles are dispersed in the zeolite intracrystalline area [12] . Recently, zeolite supported metal and metal oxide nanoparticles have been extensively studied. An enormous number of works have focused on zeolites as potential supports for catalytic systems such as zeolite/TiO 2 [13] , zeolite X/CuO [12] , zeolite/Pt [14] and zeolite/Cu [14] . It was found that the zeolite/Pt catalyst exhibited superior performance for the catalytic combustion of toluene [14] . In contrast, Chen et al. [15] found that zeolite/Cu was active for the selective catalytic reduction (SCR) of nitrogen oxides (NO x ) with NH 3 . Zeolite-supported metal oxides such as TiO 2 as well as CuO have also been employed. However, these are commonly used for the photocatalytic degradation of dyes and organic pollutants under UV exposure [12, 13, [16] [17] [18] . To date, few studies on the use of zeolite/Ag as catalysts have been reported. Colar et al. [19] focused on the preparation of Ag-modified natural zeolite for the decolourization of methylene blue (MB) under visible irradiation. In addition, Hatamifard et al. [20] investigated the ability of natural zeolite/Ag as a catalyst for various dyes in the presence of borohydride. Although the authors demonstrated the effectiveness of the catalyst, they focused solely on the reduction of different organic dyes with a high Ag loading (approximately 1.29 wt%) [20] .
In this study, we propose a simple and easy method to synthesize Ag-doped zeolite X (Ag-ZX) catalysts for the decolourization of methyl orange (MO) dye in the presence of KBH 4 . It is important to mention here that finite amounts of Ag (1.9 to 6.7 × 10 −3 wt%) were employed unlike in the previous study [20] . Furthermore, various parameters were studied and the kinetics of degradation were investigated. The performance of the Ag-ZX catalyst was compared with that of the parent zeolite to verify its superior reduction ability.
Experimental

Materials
Methyl orange, MO, with the chemical formula of C 14 , and a sodium hydroxide (NaOH) pellet was obtained from QReC (New Zealand). All materials were used as purchased without further purification.
Synthesis the Zeolite X
Zeolite X was synthesized based on previous work [21] . Solutions A and B were prepared as follows: For solution A, as much as 14.1 g of NaOH pellet and 37.0 g of Na 2 SiO 3 were dissolved in 179.7 g of distilled water. Solution B was prepared by dissolving 31.8 g of NaOH pellet and 6.40 g of Na 2 O•Al 2 O 3 in 215.5 g of distilled water. Subsequently, solution B was slowly added to solution A under vigorous magnetic stirring. The mixture was further stirred for an additional 10 minutes before ageing at room temperature for 24 hours and then placed in an oven at 50 • C for 48 hours. The solid was extracted via centrifugation at 8500 rpm for 10 minutes followed by re-dispersion in double distilled water until the final colloidal suspension achieved pH 7. The colloid solution was then freeze-dried in order to obtain zeolite powder.
Preparation of Ag-ZX Catalysts
These catalysts were prepared by impregnation method. Various amounts of 2.0 × 10 −3 M AgNO 3 stock solutions were mixed with the zeolite X in order to prepare Ag-ZX (n), where n is the wt % of Ag in the power of 10 −3 . Typically, to prepare the Ag-ZX (1.9) catalyst, 46 L of 2.0 × 10 −3 M AgNO 3 was mixed with 1.0 g of zeolite X powder. The mixture was mechanically stirred for 30 minutes and then dried in an oven at 50 • C for 24 hours.
Characterization
The crystal structure of zeolite X was determined by X-ray diffraction (XRD) analysis using a Philips X'pert Pro Mrd Pw3040 X-ray Diffractometer in the 2 range of 30 • -50 • . A Cu-K ␣ radiation ( = 1.54 Å) was used as the X-ray source and applied on the as-prepared sample. The functional groups in the zeolite sample were identified using a Perkin Elmer Spectrum One infrared spectrometer (FTIR). Prior to the analysis, the sample was ground with potassium bromide (KBr) and pressed into a pellet. The specific surface areas of the samples were analysed using a Micromeritics ASAP 2020 Autosorption analyser. The Brunauer-Emmett-Teller model (BET) was used to calculate the specific surface areas of the samples. The actual content of Ag in the catalysts was determined using a Perkin Elmer AAnalyst 200 Atomic Absorption Spectroscopy (AAS). Prior to the measurement, the Ag-ZX catalysts were dissolved using a mixture of nitric acid, hydrogen fluoride and water with the volume ratio of 3: 8: 5. As much as 10 mL of this mixture was then added to the Ag-ZX catalysts and the zeolite solid was allowed to dissolve under heat. The resulting solution was then diluted to 50 mL and subjected to AAS analysis.
Catalytic Study
A series of experiments was performed to test the various parameters and determine the optimum conditions for the decolourization of MO. The catalytic experiment was performed in a centrifuge tube. Typically, as much as 0.03 g of KBH 4 was dissolved in 20 mL cold water. This solution was then mixed with 20 mL of MO dye with the concentration of 3.8 × 10 −5 M. Subsequently, as much as 0.06 g of the Ag-ZX catalyst was added to the solution and stirred to uniformly disperse the catalyst into the solution. After 2 minutes of stirring, the sample was centrifuged (8500 rpm, 1 minute) and then, 2 mL of the aliquot was taken and analysed using a Hitachi U2000 UV-vis spectrophotometer. This step was repeated until total decolourization of MO was achieved. The extent of the decolourization was measured in terms of the decreasing intensity of the absorbance at the maximum UV wavelength of MO at 465 nm. The percentage of MO decolourization was calculated according to Eq. (1): where A o is the initial absorbance of MO at 465 nm, and A is the absorbance of MO after "t" minutes of mixing. In this work, various parameters were studied to evaluate the catalytic activity of the catalysts. The effects of different amounts of Ag dopant and the KBH 4 : MO mole ratio were also studied. In addition, experiments were also performed for the decolourization of MO under various MO concentrations and various pH values. The pH values of the MO solutions (1, 3, 5, 9 and 11) were controlled by using sodium hydroxide (NaOH) and hydrochloric acid (HCl). Then, the decolourization of MO was carried out as described above.
Results and discussion
Characterization of zeolite X and Ag-ZX
The procedures for the synthesis of zeolite X were adapted from previous work [21] . XRD and FTIR analyses were carried out to confirm the formation of zeolite X. For the XRD pattern shown in Fig. 1 , the diffraction peaks at the 2 values of 6.3 • , 10.8 • , 16.0 • and 23.0 • are attributed to the typical structure of zeolite X. This corresponds to the (111), (220), (331) and (533) crystalline planes of zeolite X, confirm its successful formation [22, 23] . Fig. 2 shows the FTIR spectrum for pristine zeolite X and a typical Ag-ZX catalyst. A broad band at 3452 cm −1 and a band at 1644 cm −1 correspond to the OH stretching and bending modes of the water molecules adsorbed by the zeolite X, respectively [24] . In addition, the band that appears at 978 cm −1 is attributed to the Si-O-Al anti-symmetric stretching vibration of the T-O bonds where T refers to the tetrahedrally bonded Si or Al. Other significant bands at 746, 562 and 668 cm −1 are respectively ascribed to the symmetric T-O-T stretching, T-O-T symmetric stretching of double six membered rings and Si-O-Si symmetric stretching [21] . In addition, the band at 460 cm −1 refers to the symmetric bending of the T-O modes. These findings are similar to the previous studies [21, 23] . Thus, this proves that the type of zeolite prepared in this work is zeolite X. For the Ag-ZX catalyst, no significant shift occurred owing to the finite amount of the Ag content in the zeolite X. The Ag-ZX was synthesized via the incorporation of AgNO 3 into zeolite X followed by a soft heat treatment reducing the Ag + ions to Ag nanoparticles. It was found that the powder maintained its whitish colour even after the incorporation of Ag. This may be caused by the low amount of Ag content doped in the zeolite X powder. The values for the weight percentage (wt%) of Ag in the samples are presented in Table 1 . The Ag content was found to be in the range of 1.9-6.7 × 10 −3 wt%.
The surface area of the Ag-ZX catalysts was further characterized by N 2 adsorption desorption analysis and the results are also tabulated in Table 1 . It was observed that the BET surface area of zeolite X (522.08 m 2 g −1 ) is lower than that of the Ag-ZX catalysts irrespective of the Ag content. This can be related to the distribution of the Ag nanoparticles which do not block the pores of zeolite and the fact that the Ag nanoparticles are located on the zeolite, hence giving rise to an increase in the observed surface area. A similar trend was found in the studies conducted by Hasan et al. [24] . The Ag-ZX catalysts were also characterized via XRD and High Resolution Transmission Electron Microscopy (HRTEM) techniques (results are presented as supporting information). However, no Ag was detected. This may be caused by the fact that the Ag content was below the detection limit. 4 Two control experiments employing pristine zeolite X and KBH 4 only were conducted to investigate the decolourization of MO. It was observed that only 13% of MO was decolorized by zeolite X after 96 hours. This shows that zeolite X does not adsorb and degrade the MO molecules efficiently. Similar results were also reported by Jamalludin and Abdullah [25] who proposed that azo dyes cannot be adsorbed into or within the zeolites, rather, the dyes are deposited on the external surface of the zeolites. Previous works have noted that the average molecular size of MO in aqueous solution is 2.61 nm [26] whereas the size of the pores of zeolite X is approximately 0.73 nm [27] . Hence, the inefficiency of zeolite X may arise because the pores of zeolite X are smaller than the MO molecules. When KBH 4 was used, no change in the MO colour was observed. This is owing to the absence of catalyst. The efficiency of the borohydride ions is associated with its high electron injection. Hence, a catalyst is required to relay the electron from KBH 4 to the dye allow the degradation process to occur. Similar findings were observed by other researchers [28, 29] . Surprisingly, approximately 50% of MO was decolourized in 43 minutes when both zeolite X and KBH 4 were present. In this case, the borohydride ions can dissociate to form BH 3 and H − as in Eq. (2). The H − ions can then combine to form H 2 giving 2e − (Eq. (3) [30, 31] . The zeolite X, which behaves as an electron donor or acceptor, can relay the electrons produced from the KBH 4 to degrade the MO molecule [12] .
Catalytic activity
Zeolite X and KBH
BH 4 − BH 3 + H − (2) 2H − → H 2 + 2e −(3)
Effect of Ag content doped in Ag-ZX
The time necessary for the decolourization of MO was reduced remarkably when small amounts of Ag were added to zeolite X. It was found that 100% decolourization was achieved in 24, 20, 16, 12 and 8 minutes when Ag-ZX (1.9), Ag-ZX (2.8), Ag-ZX (3.6), Ag-ZX (4.5) and Ag-ZX (6.7) were used, respectively. Additional information about the catalytic activity of the catalyst was obtained by studying the degradation kinetics. Many researchers have reported that the kinetic behaviour of MO obeys first-order reaction kinetics [32] . Since the concentration of a solution is proportional to its adsorption, ln (A/A o ) was plotted as a function of reaction time (t) as in Eq. (4).
where [A] 0 is the initial concentration of MO, [A] t is the concentration of MO at time t, k is the rate constant and t is the elapsed time. All correlation coefficients R 2 were higher than 0.9, indicating that the first-order kinetic model gives a good fit. This is shown in Fig. 3 . Based on the first-order kinetics, it is revealed that the k values increased as the wt% of Ag in zeolite X increased. The obtained k values were calculated to be 0.092, 0.111, 0.149, 0.207 and 0.305 min −1 for the Ag-ZX (1.9), Ag-ZX (2.8), Ag-ZX (3.6), Ag-ZX (4.5) and Ag-ZX (6.7), respectively. This increasing trend is due to the role of Ag. The number of active sites increases with increasing Ag wt%. The Ag nanoparticles will be able to relay more electrons generated by the BH 4 − ion to MO molecules. This in turn, causes an increase in the decolourization efficiency of MO. The proposed mechanism is illustrated in Fig. 4 . According to Mondal et al. [33] , sulphanilic acid (p-aminobenzenesulphonic acid) and the p-phenylenediamine are possible degradation products when borohydride is employed. Gupta et al. [34] also investigated the catalytic activity of metal nanoparticles for the degradation of MO. They showed that Ag nanoparticles have a drastic catalytic effect compared to gold (Au) or platinum (Pt) nanoparticles on the degradation of MO in the presence of NaBH 4 . The results presented here show that the best decolourization efficiency was obtained for the Ag-ZX (6.7) catalyst. Hence this catalyst was used in the subsequent studies.
Effect of initial MO Concentration
The decolourization of MO was tested at four initial concentrations ranging from 3.8 × 10 −5 to 3.8 × 10 −2 M. It is generally observed that the decolourization efficiency of MO decreased with increasing MO concentration. The MO removal efficiency reached 100% at the concentration of 3.8 × 10 −5 M. It then decreased to 98% and 93% at an MO concentrations of 3.8 × 10 −4 M and 3.8 × 10 −3 M, respectively. At a higher concentration of 3.8 × 10 −2 M, no decolourization of MO was observed. These results are supported by the kinetic studies presented in Table 2 . Examination of the data reveals that when the dye concentrations were increased, a decreasing trend was observed for the rate k with the values of 0.305, 0.138 and 0.018 min −1 for the concentrations ranging from 3.8 × 10 −5 to 3.8 × 10 −3 M. The decrease in the decolourization of MO with increasing concentration can be attributed to two factors. The first possibility is the limited number of active sites available compared to the number of MO molecules present at higher concentrations of MO. The insufficient number of active sites may give rise to the observed trend of decreasing rates. The shielding effect may also play a role. At higher MO concentrations, the active sites may be covered by the large excess of MO molecules, hindering the effectiveness of the catalyst [12] . A similar finding was reported by Rashed and El-Amin [35] for the photocatalytic degradation of MO in suspended TiO 2 . They explained that the increase of the dye concentration leads to a decrease in the rate of MO dye degradation owing to the active sites of TiO , being shielded by MO.
Effect of KBH 4 : MO Mole Ratio
The effect of the KBH 4 : MO molar ratio was evaluated. The degradation reaction was carried out by varying the number of moles of KBH 4 , keeping the number of moles of MO and other parameters constant. The obtained results show that the increase in mole ratio from 183:1 until 731:1 accelerated the decolourization rate of MO. After 8 minutes of reaction, the percentage of decolourization for the 183:1 and 365:1 mole ratio are 20% and 73%, respectively, whereas the 731:1 mole ratio gives 100% decolourization. However, as the mole ratio of KBH 4 : MO increases to 1097: 1, only approximately 83% of decolourization was achieved. Similar trends are observed for the kinetic data shown in Table 2 , with the optimum k of 0.305 min −1 obtained at the KBH 4: MO mole ratio of 731:1.
The low rate constant observed for the KBH 4 : MO mole ratio of 183:1 can be due to the induction time. The slight oxidation of the surface of the Ag particles leads to the formation of an oxide layer. This oxide layer hinders the function of the catalyst for the reduction of MO. As a result, longer time is required to reduce the oxide to form Ag particles [36] . Hence, this gives rise to the induction time observed during the reaction. When the mole ratio was increased, no induction time was observed and the reaction rate is accelerated. This is because the higher number of electrons promotes the simultaneous reduction of the Ag particles from its oxide and the reduction of MO. However, the rate constant for the KBH 4 : MO mole ratio of 1097:1 is observed to decrease. This is caused by the incapability of Ag NPs to relay the electrons, owing to the higher production of electrons from the BH 4 − ion. Saturation of electrons occurs in this case [37] . For this effect, the KBH 4 : MO of 731:1 mole ratio was chosen as the optimum condition mole ratio.
Effect of pH
The surface properties of catalysts and the adsorption behaviour of target organic pollutants were affected by the pH of the solution [34] . To evaluate the effect of pH on the Ag-ZX (6.7) catalyst, the experiments for the decolourization of MO were performed at pH 1, 3, 5, 9 and 11. It was observed that the percentage of decolourization increased with increasing pH with 91, 92 and 100% obtained for pH 1, 3 to 5, respectively. The maximum degradation efficiency of MO was obtained at pH 5. On the other hand, in alkaline conditions, the percentage of decolourization decreased to 66% and 3% at pH 9 and 11, respectively. The k values at pH 1, 3 and 5 are 0.168, 0.210 and 0.305 min −1 , respectively. In alkaline conditions, the k value decreased drastically to 0.0074 min −1 for pH 9. On the other hand, no k value was obtained at pH 11 because hardly any decolourization was achieved. The observed trends can be attributed to the surface charge of MO and the Ag-ZX catalysts.
The surface of the Ag-ZX catalyst has a point zero charge (pHpzc) of approximately pH 5.6. When the pH < pHpzc, the surface of the catalyst has a net positive charge, while if the pH> pHpzc the surface has a net negative charge. This can be seen in Fig. 5 . On the other hand, the pKa value for MO is 3.4. Therefore, MO exists in two structural forms, depending on the pH of the solution as shown in Fig. 6 . At a pH ≤ 3.4, H + ions are attached to the nitrogen atom of the azo group leading to the MO becoming an amphoteric species. As a result, a strong attraction is present between this species and the surface of the catalyst. Electrons from the BH 4 − ions can be easily transferred. Hence, decolourization of MO achieved more than 90% at pH 1 and 3. Between pH 3.4 and 4.4, both amphoteric and negatively charged MO exists. Typically, both electrostatic repulsion and attraction should exist leading to lower catalytic conversion at pH 5. However, this phenomenon did not occur. In fact, complete catalytic degradation was achieved compared to pH 1 and 3. This may be because at lower pH values a certain amount of the Ag nanoparticles may have been digested to Ag + ions leading to the lower catalytic conversion. In contrast, in alkaline conditions, the MO is negatively charged. As a consequence, repulsion between MO and the surface of the catalyst occurs. Because of this, only 66% decolourization of MO is achieved at pH 9. Furthermore, decolourization of MO was hardly observed at pH 11. This is probably due to the strong repulsion between the MO structure and negatively charged surface of the catalyst.
Reusability of Catalysts
The reusability of the catalyst was investigated in order to evaluate the catalytic activity of Ag-ZX (6.7) during successive experiments and thus to establish the endurance of this catalyst. The results are presented in Fig. 7 . The catalysts were used in 7 consecutive experiments using fresh dye solutions at optimum conditions (731:1 of KBH 4 : MO mole ratio, pH 5). Complete decolourization (100% efficiency) of MO was observed in the first run. On the other hand, in the second and the third runs, the decolourization efficiency of MO decreased to 82% and 36%, respectively. However, after the catalyst was used up to seventh cycles, the decolourization rate remained at approximately 33%. No significant decrease in the catalytic activity was detected after the fourth run. The decreasing trend can be explained due to two factors. Leaching of Ag particles or loss of Ag-ZX (6.7) after each cycle may have occurred. This is confirmed by the fact that only 14% of the Ag-ZX (6.7) catalyst was retrieved after the 7th cycle and that the wt% of Ag is 0.0013%.
Comparison with other Systems
A comparison of this work with the previous studies for the decolourization of MO using various catalysts is given in Table 3 . The respective k values were obtained and the activity factor (K) was calculated. As shown in Table 3 , the K value in this work is 5.08 min −1 g −1 . This is slightly lower than the value for the Ag supported on tannic acid grafted egg shell membrane (8.18 min −1 g −1 ). This may be due to the finite amount of Ag employed in this work (nearly 200 times lesser) compared to the latter work. Previously, complete degradation was achieved within 88 seconds when Agzeolite was employed by Hatamifard et al. [20] . This is five times faster compared to this work (8 min) and can also be due to the higher wt% of Ag in the earlier work. Overall, this work is the only report of the use of finite amounts of Ag and shorter degradation times.
Conclusions
Ag nanoparticles doped on zeolite X (Ag-ZX) catalyst have been successfully prepared. The zeolite X has the BET surface area of 522.08 m 2 g −1 . Incorporation of Ag onto the zeolite X caused the BET surface area to increase. The AAS analysis confirmed the presence of the Ag species on zeolite X. It was found that Ag-ZX was an effective catalyst for the decolourization of MO. The catalytic degradation of MO achieved up to 100% decolourization within 8 minutes using the Ag-ZX (6.7) catalyst. The optimum conditions for the decolourization of MO occurred at pH 5 with 731:1 mole ratio of KBH 4 : MO, using 0.06 g of Ag-ZX (6.7). Interestingly, in this work, only a very low content of Ag was required to degrade MO.
